A survey of a complete gene synteny comparison has been carried out between twenty fully sequenced strains from the genus Escherichia with the aim of finding yet uncharacterised genes implicated in the metabolism of uropathogenic strains of E. coli (UPEC). Several sets of adjacent colinear genes have been identified which are present in all four UPEC included in this study (CFT073, F11, UTI89, and 536), annotated with putative metabolic functions, but are not found in any other strains considered. An operon closely homologous to that encoding the L-sorbose degradation pathway in Klebsiella pneumoniae has been identified in E. coli CFT073; this operon is present in all of the UPEC considered, but only in 7 of the other 16 strains. The operon's function has been confirmed by cloning the genes into E. coli DH5α and testing for growth on L-sorbose. The functional genomic approach combining in silico and in vitro work presented here can be used as a basis for the discovery of other uncharacterised genes contributing to bacterial survival in specific environments.
Introduction
Uropathogenic E. coli (UPEC) are the causal agents of 80% of all community-acquired urinary tract infections (UTIs) [1] . The ability of UPEC to colonise the urinary tract has been studied in depth in terms of virulence factors such as pili and hemolysins [2] ; however, the ability to utilise the metabolites available in this environment has not been fully investigated to date. While studies of growth rates in urine have been conducted (for instance by Gordon and Riley [3] ), it has never been established exactly what is used as the primary carbon source (or if there is a single one) for growth of UPEC, and which genes enable the utilisation of this carbon source. There has been discussion of metabolic genes contributing to uropathogenicity, considering two UPEC: CFT073 and 536 [4] . D-serine has been posited as a potential carbon and nitrogen source due to the presence of D-serine catabolic genes in these 2 UPEC, though the requirement for these genes or their involvement in the course of a UTI has yet to be investigated.
The use of multiple genome analysis in research has been reviewed elsewhere [5] , and several tools for genome comparisons are available, as well as software applications for their analysis. The most prominent tool is BLAST [6] for whole genome analyses. The set of genus Escherichia genome sequences has already been used to compare regulatory networks [7] and to investigate the genetic basis of pathogenesis in enterotoxigenic E. coli [8] . Sequencing projects (such as [4, 9] ) have used up to three complete genome sequences for genomic comparisons, though this is only a small subset of the Escherichia genome sequences currently available. Recently Rasko et al. [10] have used a BLAST score ratio (BSR) technique to compare the gene contents of 17 E. coli genome sequences which has identified fewer pathovar-specific genes than might be expected. The potential for taking advantage of the large number of already available and imminent genome sequences in the genus Escherichia is great, when combined with well-targeted experimentation. While there is no certainty from purely computational approaches that a gene is necessary or helpful in a particular environment, its presence in bacteria which thrive in that environment and its absence in bacteria which do not represent evidence for pressure to retain the gene, therefore, its function aids the persistence of the bacteria in that niche. In this study the genome sequence of E. coli CFT073 has been compared to 19 other complete genome sequences of bacteria of the genus Escherichia using a synteny approach to infer which genes are present in or absent from the other strains. Table 1 shows a list of these strains which includes four UPEC and three Shigella strains.
Genes in CFT073 which according to their GenBank entries [11] are metabolic genes, but which do not have a specific functional assignment (e.g., gene c4985 is annotated as "Putative sorbose PTS component"), or genes of unknown function which form sets of adjacent colinear genes with those partially characterised metabolic genes, have been investigated to determine their relative occurrences in UPEC and the other strains. Some of those sets of genes more often found in UPEC than the other strains used in this study have been investigated to further elucidate their function.
One putative operon has been experimentally verified as an L-sorbose utilisation operon, after having been identified as being present more frequently in UPEC than in the other strains considered. Lehmacher and Bockemühl [12] showed in a study of 266 strains from the collection of the Institut für Hygiene und Umwelt that L-sorbose utilisation varies widely over differing pathotypes of E. coli and Shigella, from 14 of the 15 E. coli isolates associated with neonatal meningitis to a complete lack of utilisation by Shigella (of the 26 tested in the study). Although no UPEC were included, 67% of the EPEC and EAEC strains tested utilised L-sorbose.
Materials and Methods

Multiple Genome
Comparisons. The CFT073 genome [9] was compared gene-by-gene with the genomes of the nineteen other strains listed in Table 1 using TBLASTN [6] , and a synteny result was obtained by manual inspection of each individual gene-nucleotide comparison. Homology as a percentage identity from TBLASTN was combined with the position and homology of nearest neighbours and overall position in the genome to infer synteny conservation. The use of BLAST scores to determine gene conservation is well established (such as the BSR technique [10] ), and this process was refined by adding a neighbour-dependent analysis to determine gene synteny. For sets of two or more genes in a similar position on two genomes, retention of function of each gene was inferred by identity with a cut-off of 90% over the whole length of each gene. Single genes in similar positions on the two genomes were inferred as conserved only if their mutual identity was above 95% over their whole length.
MG1655 does not grow in urine, whereas CFT073 does [13] . Some metabolic genes in CFT073 that are not present in MG1655 may confer a fitness advantage in the urinary tract due to better ability to use available substrates for growth. Genes present in CFT073 but not in MG1655 were therefore studied to look for such metabolic genes. This produced an initial list of candidate genes that could be implicated in the metabolism of CFT073 in the urinary tract, but have not yet been characterised. This set of genes was inspected manually for those genes which appeared to have a metabolic function from their GenBank annotation [11] , but without a definite, specific biological function, henceforth referred to as putatively metabolic genes (PMGs).
Where there was a PMG surrounded by uncharacterised genes, this region of the genome sequence was viewed using the NCBI's Sequence Viewer 2.1 and all adjacent genes transcribed in the same direction as the PMG and less than 100 base pairs separated were labelled as part of a Set of Adjacent Colinear genes (SAC) and included in the analysis. The algorithm for inferring whether a SAC was present in each of the Escherichia genomes considered was as follows: where the SAC was greater than 3 genes in length it was considered present if at most one of the genes was absent according to the synteny comparison; where there were 3 or fewer genes, all genes had to be present to conclude that the set of genes was present.
BLASTp was then used on each gene in the SACs against the full nonredundant database of Genbank [14] to try to find homologies to already annotated genes. Where homologs could not be found, protein domain similarities were sought using Pfam [15] A phylogenetic comparison between the putative L-sorbose operons from those sequenced bacteria of the genus Escherichia, using Klebsiella pneumoniae (GI: 150953431) and Klebsiella oxytoca (see acknowledgments for reference) as an outgroup, was conducted using ClustalX [16] . BLAST was used to extract the putative L-sorbose operons for most of the bacteria, but Artemis [17] was required to extract the relevant parts of both the Klebsiella strains and F11, which do not yet have complete single contig genome sequences.
Experimental Verification of Putative Functions of Genes c4981 to c4987 from Escherichia coli CFT073
. Escherichia coli strain DH5α was used as the test host for L-sorbose growth as it is known not to grow on L-sorbose and is designed to be highly competent. The genotype of DH5α is: F − fhuA2 Δ(lacZ-argF)U169 φ80dlacZ ΔM15 endA1 hsdR17 deoR nupG thi-1 supE44 gyrA96 relA1 recAI phoA λ − . The putative L-sorbose operon identified in CFT073 was excised using the forward and reverse primers 5 -GC-CAGCGACATGCAGAGTTAAGTAGCGCGA-3 and 5 -AA-ATCTCCTGTAAAACGCGGAATATACC-3, respectively. The consequent 7.5 kb fragment was amplified using these primers with Phusion DNA polymerase (Finnzyme) and cloned into the pSC-B plasmid (Stratagene). The consequent construct was transformed into DH5α and bacteria with a correctly inserted plasmid were selected by blue/white screening on 100 μg ml −1 ampicillin, 40 μg ml −1 X-Gal, 20 μg ml −1 IPTG plates and were picked off and spread onto a Nutrient Broth 2 (Oxoid) plate with 100 μg ml −1 ampicillin to produce single colonies. The insertion and orientation were confirmed by sequencing from the M13 primers to be as shown in Figure 1 and the plasmid was named pQR793.
One colony was then picked from the Nutrient Broth 2 plate and grown in 5 mL of a modified liquid M6 medium (5·20 gl • C overnight, then inoculated into two 100 mL shake flasks, one containing the same medium composition as the starter culture and the other containing 1% L-sorbose instead of glucose. Simultaneously DH5α with an empty pUC19 plasmid and CFT073 were grown in the same manner as negative and positive controls, respectively, (no ampicillin was used in the growth of CFT073 as it is not ampicillin resistant and selection is not required).
These flasks were shaken at 150 rpm at 37
• C for 145 hours and samples were taken at intervals to measure optical density of the samples at wavelength 600 nm. Each culture was repeated twice to confirm the result growth or lack thereof.
Results and Discussion
Multiple Genome Comparison.
The set of genome sequences used in this study will be referred to as the EGSS (Escherichia genome sequence set); the results of the complete synteny comparison of the genome of CFT073 against the rest of the EGSS can be seen in Supplementary Table 1 .
Overall 133 PMGs were inferred; they can be seen in Supplementary Table 2 , along with the results of the NCBI Conserved Domain Search, and are summarised in Table 2 . All of the individual genes marked with putative metabolic functions in the CFT073 genome sequence were positioned adjacent to genes transcribed in the same sense, so the sets of adjacent colinear genes were included in the investigation, a summary of which can be seen in Table 2 , and positions of which in the CFT073 genome can be seen in Figure 2 . It should be emphasised that the criterion for consideration of these genes was only that the genes marked with putative functions be absent from E. coli K-12 MG1655, without any further consideration of whether they would specifically be useful in the lifecycle of CFT073. 9 of these genes are present in all of and only in the UPEC and 49 genes are among those identified by Lloyd et al. [18] , which compared the gene content of 7 additional UPEC and 2 different faecal strains of E. coli by comparative genomic hybridisation against CFT073 to find those genes unique to uropathogens.
The synteny comparison shows several characteristics indicating a higher prevalence of the genes from CFT073 in the other UPEC than in the other strains. It is worth noting SacII (5986) EcoRI (6222) PstI (6243) XmaI (6245) AvaI (6245) SmaI (6247) BamHI (6251) XbaI (6263) NotI (6270) SacII (6281) SacI (6288) M13-20 primer Table 2 .
that the sets of adjacent colinear genes identified in this study are not in general parts of the large pathogenicity islands identified in CFT073 by others [9, 18] , with the exception of those marked with an asterisk in Table 2 . SAC No. 6 (as labelled in Table 2 ) is within a large pathogenicity island, PAI-CFT073-metV (according to the nomenclature set out by Lloyd et al. [18] ), in which the SAC is restricted to the area c3405 to c3410. These genes are retained in all the UPEC, in E. coli E2348, and in E. coli SMS-3-5, but not in any other strain. Retention of the SorCDFBAME genes (SAC No. 15) in some of the EAEC and EPEC and all of the Shigella is consistent with the findings of Lehmacher and Bockemühl [12] who despite the negative phenotype showed that they retain the DNA for many of these genes.
It was found that 121 of the 133 PMGs identified are present in the same position in all four UPEC; these include the putative genes for L-sorbose degradation. The only SAC not present in any of the UPEC other than CFT073 is No. 1. Those found in the same place in all UPEC, but in none of the other strains, are 8, 12, and 19. The SACs identified here have a tendency to be present or absent as a whole, rather than on a gene-by-gene basis.
An investigation of each of the PMGs was conducted using BLAST, the SEED tool, Pfam, and the NCBI Conserved Domain Database, in an attempt to identify putative functions for all the genes. SAC No. 8 (genes c4013 to c4018) has several genes annotated putatively already, c4015 to c4017 as part of a ribose ABC transporter, and c4018 as a tagatose 1,6-diphosphate aldolase. The hypothetical genes bear similarities to other sugar metabolism encoding genes: c4013 to a dehydrogenase and c4014 to a sugar kinase, possibly a fructokinase. These genes could encode enzymes for the uptake and catabolism of a 5-or 6-carbon sugar or sugar derivative.
Since there is a limited number of carbon sources present in urine-predominantly urea, uric acid, and creatinine (and L-sorbose in small amounts)-it might seem plausible that the sets of genes identified here may encode proteins for the utilisation of these chemicals. However, an analysis of the genes investigated here has so far failed to find any good matches to known metabolic pathways for these three carbon containing compounds. UPEC are not confined to using the small molecule carbon sources in urine; they adhere primarily to the epithelial cells in the urinary tract so potentially the mucus produced by these cells could be used to fulfil the metabolic needs of UPEC.
The benefit of D-serine utilisation genes for UPEC has been suggested [4] ; so these genes were investigated in the UPEC included in this study to assess their relative prevalence. It was noted that according to the initial synteny comparison (Supplementary Table 1 ), these genes are not present in E. coli F11 or 536. However, there are D-serine utilisation genes in both F11 and 536 at an alternative position in the genome identified by Brzuszkiewicz et al. [4] . Moreover, UTI89 also has D-serine utilisation genes in this alternative position on its genome as well as those found in this study. None of the non-UPEC in the EGSS have this alternative operon, which is characterised by a particularly large intergenic region (∼1 kb) adjacent to it, conserved between F11, 536 and UTI89. This D-serine utilisation operon is therefore unique within the strains considered here to the UPEC.
L-sorbose In Silico
Analysis. L-sorbose [19] can be present in urine (and in the gastrointestinal tract). It can be seen from Table 2 that it is predominantly the UPEC and Shigella strains which contain the operon enabling use of Lsorbose as a carbon source.
The putative L-sorbose operon in CFT073 was compared to that of Klebsiella pneumoniae using BLASTp. Both of these strains are in the family Enterobacteriaceae and the function of Klebsiella's operon has been experimentally verified [20] . The results of this comparison are shown in Table 3 , which shows identity above 90% for all but one of the genes.
The ClustalX comparison of the putative sorbose operons of 13 strains of bacteria produced the phylogenetic tree shown in Figure 3 . These bacteria are all of genus Escherichia (except the Klebsiella strains) and include several Shigella strains, Shigella boydii Sb227 (Accession Number: CP000036.1) and Shigella sonnei Ss046 (Accession Number: CP000038.1), not used in the full genome analysis because their genomes are not completely sequenced. The operons were located in the genome sequence thus far generated for them and extracted to compare to the others in the EGSS. Also included is the inferred L-sorbose operon from Avian Pathogenic Escherichia coli O1:K1:H7 (APEC 01) [21] (Accession Number: CP000468.1), which clusters with the UPEC, separate from the enterohaemorrhagic E. coli (EHEC) and Shigella strains. This is also true of the environmental E. coli SMS-3-5. The EHEC and Shigella L-sorbose operons are grouped together.
Experimental Verification of Function of Genes c4981 to c4987 from Escherichia coli CFT073.
The genes c4981 to c4987 were successfully cloned into the pSC-B plasmid and confirmed by sequencing as being oriented as shown in Figure 4 . The negative control, DH5α with pUC19, was unable to utilise this carbon source. DH5α containing the pQR793 plasmid grew using L-sorbose as the sole carbon source.
The functions of genes c4981 to c4987 from Escherichia coli CFT073 have therefore been confirmed as those encoding a pathway for the utilisation of L-sorbose as a sole carbon source. The nucleotide sequence identity of between this operon (along its entire length) and the operon identified and experimentally characterised in Klebsiella pneumoniae [22] is 78%. Table 3 shows that all but one of the protein amino acid sequence differences between corresponding genes in these two operons are above 90%. These high similarities imply that not only do the two operons both utilise L-sorbose, but that the same pathway is used by both. The phylogenetic analysis of the L-sorbose operon conducted as part of this research shows how this operon fits in the phylogeny of L-sorbose operons in the genus Escherichia. The Glucitol-6-phosphate dehydrogenase found in Klebsiella pneumoniae has been shown to be temperature sensitive [20] , which might account for the long lag phase and slow growth of DH5α containing the plasmid.
Conclusions
Multiple genome sequence analysis has been used to identify several sets of adjacent colinear genes in E. coli CFT073 that are not present in E. coli MG1655 and might be implicated in metabolism in the human urinary tract. Specifically a previously incompletely annotated operon encoding proteins involved in L-sorbose catabolism have been identified and experimentally confirmed encompassing genes c4981 to c4987 of the genome of uropathogenic Escherichia coli strain CFT073. The sets of genes from CFT073 found solely in UPEC include an arginine metabolic operon, which has previously been implicated in UPEC fitness in the urinary tract. The use of such sets of genomic data will become increasingly important as the rate of sequencing increases while experimental verification of gene function lags considerably behind. Although elucidation of novel gene function cannot be done purely through comparative genomics, it can aid searches for important genes, not necessarily previously characterised in other species or strains. 
